Introduction
Avian embryo development is associated with a progressive accumulation in certain tissues of lipids which are rich in polyunsaturated fatty acids (PUFA), making such tissues vulnerable to free radical attack and lipid peroxidation. Antioxidant systems are expressed in the embryonic tissues and are responsible for maintaining antioxidant protection during different stages of embryoonic development, in particular at hatching time when oxidative stress is highly pronounced (Surai, 1999) . The antioxidant systems of the avian embryo are based on the antioxidant enzymes superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) and catalase (Surai, 1999a ; Surai, 2000a) , and fat-soluble and water-soluble natural antioxidants (Surai, 1999) . Vitamin E is considered to be the main player in the antioxidant defence at the cellular and subcellular levels (Niki,1996) . In recent years it has become evident that in the cell the association of vitamin E with other natural antioxidants which are able to recycle this vitamin from its oxidized form is the major biochemical mechanism in maintaining the efficiency of antioxidant defence (Surai, 1999; Surai, 2000) .
D ifferent antioxidant components occupy distinct cellular and extracellular compartments and among them, active recycling plays a crucial role. For example, oxidized vitamin E (tocopheroxyl radical) has been shown to be regenerated by ascorbate, glutathione (GSH), lipoic acid, or ubiquinols. Furthermore glutathione disulfides (GSSG) can be regenerated by glutathione reductase and enzymic pathways have also been identified for the recycling of the ascorbate radical and dehydroascorbate. The reducing agents that are used to fuel these recycling reactions (NADH and NADPH) are ultimately derived from the oxidation of nutrients (Chap et al., 1999) . The exact role of carotenoids within this system is still under discussion but evidence is accumulating concerning antioxidant properties of carotenoids and their role in antioxidant defence directly or via interactions with other antioxidants increasing their efficiency. In this respect, development of effective HPLC-based methods for carotenoid analysis, in association with the introduction of new assays for antioxidant activities in vitro,
promise new advances in this area. (Pfander, 1992) and total sales of synthetic carotenoids in 1992 were valued at about $300 million (Pfander, 1992 (Krinsky, 1992; Bertram and Borthiewicz,1995) and the enhancement of immune function (Bendich, 1991; Hughes, 1999) . Biological functions of carotenoids independent on provitamin A activity are summarised in Table 2 . These functions of carotenoids are considered to be responsible for the health-promoting properties of carotenoids.
Carotenoid absorption and bioavailability
Carotenoid absorption and bioavailability have received considerable attention for the last few years (Erdman, 1993; van Vilet, 1996; Furr and Clark, 1997; Castenmiller and West, 1998; Parker et al. ,1999; van het Hof et al., 2000) . However, most of these publications were mainly concerned with humans. Analyses of data associated with avian species are presented below.
In general, birds are good oxycarotenoid absorbers although some birds, for example the flamingo, preferentially absorb carotenes (Hudon, 1994) . The efficiency of carotenoid assimilation from the feed depends on many factors and absorption in the intestine is a major determinant of this process. In mammals, carotenoid absorption can be divided into four stages: digestion of the food matrix, formation of lipid-mixed micelles, uptake of carotenoids into the intestinal mucosal cells and delivery to the plasma via the lymph system (Williams et al., 1998) . In general, details of these stages are very similar to those for vitamin E absorption (Surai, 1999) . Since the lymphatic system of the bird is not developed, carotenoids are probably delivered directly to the liver and other tissues by portomicrons, i.e. the lipid-rich lipoproteins released from the intestinal cells into the portal vein.
Feed-derived carotenoids are found in the free alcohol form (maize) or as esterified forms. For example Kuhm et al. (1931) reported that xanthophylls could occur in nature in both free and esterified forms. It was confirmed later that marigold xanthophylls occur primarily as dipalmitic and dimyristic esters (Alam et al., 1968; Philip and Berry, 1975) . In contrast, carotenoids of corn and alfalfa are found predominately in the free nonesterified form (Bickof et al., 1954; Quackenbush et al., 1961) . Therefore carotenoid ester hydrolysis by pancreatic esterases is an important step in their absorption. For example, it has been shown that the dietary lutein diester was hydrolysed mainly to lutein, which was absorbed through the intestinal wall into the blood stream and, in the serum, about 96% of the total lutein occurred as the free alcohol and the remainder was in the form of the monoester (Tyczkowski and Hamilton, 1986) . As a result, hens fed lutein diester accumulated lutein in their yolks (Philip et al., 1976) . When hens were fed zeaxanthin diester, the egg yolk contained only free zeaxanthin (Kuhn and Brockman, 1932) . It was possible to improve egg yolk pigmentation by prior saponification of marigold meal xanthophyll (Coon and Couch, 1976) . Furthermore, in broilers free lutein is absorbed almost two fold faster compared to lutein diester (Tyczkowski and Hamilton, 1986) . In contrast, in humans lutein diesters showed a trend toward greater bioavailability compared to free lutein (Herbst et al., 1997) . It is interesting to note that, in the chicken, the contents of the jejunum nd large intestine contained a mixture of lutein diester, lutein monoester, and lutein, Table 3 . Effectors of carotenoid absorption and assimilation (Rock, 1997; Hudon, 1994; Nys, 2000) In poultry, lipoproteins synthesised in the intestinal wall are drained from the intestines by portal blood. Thus it is widely thought that in the absence of a developed intestinal lymphatic system in birds, absorbed lipids enter the portal system as large lipoproteins (called portomicrons) with a diameter of about 150nm (Annison, 1983 , Walzem, 1996 .
They consist of triglycerides, free and esterified cholesterol, phospholipids and apoproteins, and fat-soluble vitamins including carotenoids. Very little is known about the cellular events that regulate or mediate the incorporation of carotenoids into portomicrons. This process could be facilitated by cytosolic binding proteins but these have not been reported in the intestinal mucosa. Thus, carotenoids together with other lipids are transported as portomicrons directly via the portal system to the liver prior to entry into the general circulation. In contrast, in mammals, chylomicrons are delivered into the plasma via the lymphatics and circulate through extrahepatic tissues before the passing through the liver. In the capillaries of certain extrahepatic tissues, chylomicrons are hydrolysed by lipoprotein lipase (LPL), with subsequent transfer of some carotenoids to the peripheral tissues and to other lipoproteins. In birds, portomicrons partly undergo some transformation in the liver, but, probably, they are largely released into the circulation unchanged or with minor changes. During their transport in the circulation, portomicrons also undergo catabolism by LPL. This enzyme is synthesised in several chicken tissues, but the largest amounts are associated with skeletal muscle and adipose tissue (Stevens, 1996) . LPL is secreted into the capillaries where it is bound on the luminal side of the endothelial cells. Lipoproteins are substrates for endothelial bound LPL which catalyses intravascular triglyceride hydrolysis. During portomicron catabolism by LPL, the size of the portomicron triglyceride core is reduced and excess surface is created. This excess surface is transferred to HDL (Traber, 1996) and a portion of the carotenoid content is also transferred to HDL. Because HDL readily transfers vitamin E and probably carotenoids to other lipoproteins (Traber et al., 1992) , carotenoids are distributed between all of the circulating lipoproteins. Portomicron remnants are cleared from circulation by the liver and in this way carotenoids are delivered to this organ. The factors controlling carotenoid uptake by various avian tissues and their transfer to egg yolk are not known and this subject warrants further investigation. For example recently it has been shown that androgens modulate hepatic lycopene metabolism (Boileau et al., 2000) .
Carotenoids in avian plasma and egg yolk
The carotenoid concentration in avian plasma has received little attention and varies significantly depending on the dietary provision. It has been shown that species with carotenoid-dependent coloration display higher concentrations of plasma carotenoids compared with species with no external display of carotenoids (Trams, 1969; Hill, 1995) . There are two possible explanations for such differences (Hill, 1995) . First of all, the dietary intake of carotenoids differs significantly among species and species-specific differences in carotenoid assimilation could also exist.
Data on poultry were obtained mainly with chickens of different ages and fed on published) clearly showed that, in the egg, the esterified forms of carotenoids comprised a very low (<1%) proportion of the total carotenoids. Astaxanthin and echinenone were reported in the egg yolk of various avian species (Goodwin, 1984) . We also found echinenone in eggs of the lesser black-backed (Surai, unpublished). In their review, Marusich and Bauernfeind (1981) also mentioned the presence in egg yolk of esterified xanthophylls, flavoxanthin, a-carotene, E-carotene, lycopene and violaxanthin. The effectors of carotenoid accumulation in the egg are shown in Table 4 . Thus, as a result of numerous experiments with various carotenoid sources, it has been concluded that the colour of yolk results from the relatively nonspecific deposition of oxycarotenoids (Marusich and Bauernfeind, 1981) . One requirement for deposition is that the oxycarotenoid possesses functional groups containing oxygen, such as hydroxyl, keto, or ester groups, which impart moderately polar characteristics. Since Table 4 . The effectors of carotenoid accumulation in the egg (Goodwin, 1984; Marusich and Bauernfeid, 1981) 
